Peptides were synthesized based on the cleavage sites in the adenovirus type 2 proteins pVI and pVII. The synthetic peptides were incubated with disrupted, purified adenovirus as a source of proteinase and specific cleavages were monitored by fast protein liquid chromatography and amino acid analysis. Using this approach it was established that all the peptides cleaved were of the form M(L)XGX~G or M(L)XGG~X. Thus we have shown that the adenoviral proteinase recognizes a specific secondary structure formed by a sequence of at least five amino acids, the main determinants of specificity being two and four residues to the N-terminal side of the bond cleaved. We were able to examine the relevant structural features of the peptide substrates by utilizing the CHEM-X molecular modelling package. Using our consensus sequence we were able to predict the cleavage sites in the viral proteins pVIII, pre-terminal protein (pTP), IlK and IIIa. Octapeptides containing the predicted sites in pVIII and the pTP were synthesized and shown to be cleaved by the proteinase.
INTRODUCTION
Proteinases of restricted specificity play an important role in the maturation of most viruses. This can involve the separation of large polyproteins into discrete functional units, or controlled limited proteolysis leading to the formation of biologically active proteins (Krausslich & Wimmer, 1988) . Limited proteolysis of this nature requires a high degree of specificity in the action of the proteinase, making the mechanisms involved of great interest, not least because they offer possible targets for the selective control of viral infections.
The adenovirus codes for a proteinase, the action of which is essential for maturation and the development of infectivity (Weber, 1976) . Studies on a temperature-sensitive mutant of adenovirus type 2 (Ad2 ts 1) have shown that the proteinase will cleave six proteins, namely the pre-terminal protein (pTP), pVI, pVII, pVIII, IIIa and an 11K protein (Anderson et al., 1973; Boudin et al., 1980; Tremblay et al., 1983) . In Ad2 tsl, which has no active proteinase at nonpermissive temperatures, these proteins accumulate in their precursor forms and although viruslike particles are produced, they are not infectious (Weber, 1976) .
Comparisons of the sequences of proteins VI and VII with the translated gene sequences of their precursors suggest the sequences cleaved in these proteins (Sung et al., 1983; Akusjarvi & Persson, 1981) . The amino acids in the vicinity of the cleavage sites in pVI and pVII are shown in Fig. 1 , along with the accepted notation for referring to the surrounding residues.
The similarities between the pVI and pVII sequences led Tremblay et al. (1983) to propose that the proteinase has a specificity for Gly-Ala bonds. Sequence analysis of the other Ad2 proteinase substrates led these authors to suggest that Ala-Gly bonds may also be cleaved. Based on an assumed preference for bonds containing glycine and alanine, Hannan et al. (1983) predicted possible cleavage sites in pVIII. Smart & Stillman (1982) also compared the pVI and pVII sites and proposed that a similar sequence in the pTP (MTGG~V) could be a target for the action of the proteinase.
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S K M F G G A K K R pVII S N M S G G A F S W pVI P6 P~ P4 P) P~ P, PI P; P' P~ Fig. 1 . Known cleavage sites of the adenovirus proteinase. The cleavage site is between residues 33 and 34 in pVI and between residues 24 and 25 in pVII. The notation for the residues close to the cleaved bond is as suggested by Berger & Schechter (1970) .
The designation of the proteinase as chymotrypsin-like (Bhatti & Weber, 1979) is not consistent with the proposed specificity for Gly-Ala bonds, as chymotrypsin normally cleaves bonds to the carboxy-terminal side of large aromatic residues such as tyrosine or phenylalanine. This consideration, coupled with the observation of Tremblay et al. (1983) that the cleavage of pVII may proceed via an intermediate and a recent report by Weber & Anderson (1988) that the proteinase cleaves a Gly-Met bond in the 11K protein suggested that a rigorous examination of the cleavage specificity of the proteinase was required. The aim of the work described here was to define the substrate requirements of the proteinase by synthesizing peptides and testing these as potential substrates.
METHODS
The preparation of purified disrupted adenovirus as the source of proteinase and the procedures for peptide synthesis, fast protein liquid chromatography (FPLC) and amino acid analysis were as previously described (Webster et al., 1989) .
Assessment ofpeptide cleavage by the proteinase preparation. Twenty to 100 ktg of peptide (1 mg/ml in 25 mMphosphate, 0-2 M-NaCI, pH 7-0) was incubated with 5 to 25 vtl purified, disrupted Ad2 at 37 °C for 0 to 12 h. The reaction was stopped by the addition of 50 ~tl 0.1 ~ (v/v) trifluoroacetic acid (TFA) in H20 prior to analysis by FPLC.
Molecular modelling. Structures of peptides were simulated on the CHEM-X software package (Chemical Design Ltd.) using an energy-minimized random structure, Sequence analysis. The Staden programs (Staden, 1986) were used to translate the Ad2 genome in the six different reading frames and to search for proteins containing the sequence M(L)XGG or M(L)XGXG.
Digestion of labelled su3strates.
[35S]Methionine-labelled Ad2 was prepared as described by Webster et al. (1989) . pTP was labelled by incubation with [ct-32p]dCTP for 90 rain at 30 °C in the presence of Ad2-infected nuclear extracts and 1 mM-MnCI2. The in vitro replication system used to label the pTP is described in full by Leith et al. (1989) .
The radiolabelled substrates were incubated in parallel with 5 ~tl of disrupted adenovirus (proteinase source) for 1 to 12 h at 37 °C. Reactions were stopped by boiling for 3 min in disruption buffer (2 ~ SDS, 0.05 M-Tris-HCI pH 7-0, 5~ 2-mercaptoethanol, 5~ glycerol) and samples were examined by SDS-PAGE and autoradiography (Russell & Blair, 1977) .
RESULTS

Cleavage sites of pVI and pVII
Peptides based on the sequences around the GA cleavage sites in pVI and pVII were synthesized. The ability of each to act as a substrate for the adenoviral proteinase was determined by FPLC, following timed incubations with disrupted purified virus. Fractions were collected and dried down for amino acid analysis in order to ascertain specific cleavages. Neither of the heptapeptides FGGAKKR (pVII) nor SGGAFSW (pVI) was cleaved, but MFGGAKK, MFGGAKKR and MSGGAFSW were (Table 1) . Amino acid analysis of the cleavage products confirmed the GA bond to be the scissile one in each case. Thus it appears that a requirement for the peptide substrates is four amino acids to the N-terminal side of the cleaved bond. The peptides derived from the pVII sequence proved to be slightly better substrates than those derived from pVI, with about 10~o more peptide being cleaved in the first hour.
It can be seen (Fig. 1 ) that the carboxy-terminal tripeptide sequences of the two octapeptides differ markedly. It therefore seemed probable that the substrate specificity of the proteinase 
MSG S AFSW 0-0 P~ MSGGGFSW 1.5 PI and P~ MSGAGFSW 1.5 MSGSGFSW 1-2 * Cleavage rate relative to the reference peptide MSGGAFSW. Residues which differ from the reference peptide are in bold type. must be contained within the N-terminal five amino acids, MFGGA (pVII) and MSGGA (pVI) of the octapeptides. Accordingly a close examination of the requirements at each of these positions was undertaken.
Consensus sequence for proteinase substrates
MSGGAFSW (pVI) was selected as the reference peptide in a systematic study of the substrate requirements of the proteinase. Residues at P4, P2, P1 and P] (see Webster et al., 1989) were varied in turn, to produce a series of octapeptides. Incubations of each with proteinase were carried out as described above with quantitative amino acid analysis being used to determine the scissile bond and the relative rates of cleavage (Table 2) .
Amino acid analysis of the digestion products of MSGGAFSW, LSGGAFSW, MSGGGFSW, MSGAGFSW and MSGSGFSW indicated that the scissile bonds were GA, GA, GG, AG and SG, respectively, with tetrapeptides resulting in each case. Rate studies show that peptides with a glycine in position P] are cleaved more readily than MSGGAFSW (Table  2) . MSGGGFSW proved to be the best substrate of all, being cleaved at a rate 50 % greater than that of MSGGAFSW. Based on this systematic study and the results shown in Table I , a preliminary consensus sequence to cover all the peptides cleaved was M(L)XGXJ, X. However, it was noted that some peptides (e.g. MSGSAFSW) fit this consensus sequence but were not cleaved, so clearly a more specific notation is required. This is possible if we say that all the peptides cleaved were either of the form M(L)XGG~X or M(L)XGX~G. 
Cleavage sites in other Ad2 proteins
The entire Ad2 genome was translated in the six reading frames using the Staden programs. A search was carried out to determine how frequently the sequences M(L)XGG and M(L)XGXG occurred in proteins encoded by the adenovirus genome. The search revealed only 18 such sites in open reading frames, including the established sites in pVI and pVII (Table 3) . Peptides corresponding to the predicted cleavage sites in pVIII and pTP were synthesized and incubated with proteinase. LAGGFRHR, MRGFGVTR and MGGRGRHL were found to be cleaved at rates of 0.2, 0-5 and 0-6 relative to the reference peptide MSGGAFSW. Amino acid analysis of the products confirmed that cleavage occurred at GF, FG and RG respectively (Fig. 2) . Thus three cleavage sites in adenovirus proteins have been successfully predicted, two in the pTP and one in pVIII. However, MTGGVFQ and SLGGGVPW were not cleaved and molecular modelling studies were undertaken to assess whether conformational restrictions could explain these anomalies.
Molecular modelling
The CHEM-X molecular modelling package was used to predict the structures of a series of peptides including all those synthesized. The models were constructed by energy minimization of random structure and a selection of models is included to demonstrate the principal features common to all the peptides cleaved ( Fig. 2 and 3) . Fig. 3 (a) and (b) portray the models of the octapeptides derived from the pVI and pVII cleavage sites respectively and serve to emphasize the differences at residues P3, P2, P~ and P~. Models of peptides with substitutions at P4 are shown in Fig. 3 (d, e and J). The models of TSGGAFSW and ESGGAFSW (not cleaved) and LSGGAFSW (cleaved) reveal only minor differences in the size and orientation of these residues, suggesting specific requirements at this position. Models constructed incorporating each of the remaining amino acids at P4 (not shown) suggest that only leucine and methionine can satisfy the specific binding requirements of the enzyme at this position.
The P3 position, occupied by serine in the pVI peptide and phenylalanine in the pVII peptide does not appear to contribute to the specificity of recognition. These residues differ significantly in size and also in polarity, suggesting that virtually any residue could be accepted at P3. Extensive use of computer modelling to consider the suitability of other residues at P3 suggested that only proline is likely to be unacceptable (results not shown).
The Pz position is occupied by a glycine in all the peptides cleaved. Fig. 3 (g) demonstrates how even the small side chain of alanine protrudes and presumably is large enough to prevent access of the proteinase. Additional models (not shown) suggest that an absolute requirement for a substrate of the Ad2 proteinase is a glycine at Pz.
The CHEM-X models ( Fig. 2b and c) show that the side chain of P1 is oriented in a direction away from those of the critical P4 and P2 residues. This would explain why peptides containing Gly, Ala, Ser, Phe and Arg at PI are all cleaved (Tables 2 and 3 ). On the other hand, models of MSGGAFSW (cleaved) and MSGSAFSW (not cleaved) in Fig. 3 (a) and (c) demonstrate that the P1 position can affect the orientation of the P~ residue and so in some cases does dictate whether or not a peptide will be cleaved. In other words, as long as a glycine occupies the P~ position any amino acid, except possibly proline, is acceptable at P1. However, if alanine, or some other amino acid, is in the P~ position, there are more restrictions at PLThe CHEM-X models demonstrate that the side chain of the P~ residue must be oriented away from the scissile bond. The branched side chain of the valines at P~ in L G G G V P Q and M T G G V F Q (Fig. 3i and j) can be seen to protrude further across the P1-P'I, bond than the alanine in MSGGAFSW (Fig. 3 a) . In contrast the bulky phenylalanine in L A G G F R H R which was cleaved is oriented well away from the scissile bond (Fig. 2a) .
Molecular modelling has enabled us to visualize the features of secondary structure shared by all the peptide substrates of the Ad2 proteinase. The model of MSGGGFSW (Fig. 3 h) , which proved to be the best substrate (Table 2) , shows the requirements at secondary level.
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Susceptibility of labelled viral proteins to proteinase
Our results showed that the peptides MFGGAKKR (pVII) and MSGGAFSW (pVI) were cleaved more rapidly than MGGRGRHL and MRGFGVTR (pTP), while the LAGGFRHR (pVIII) cleavage was the slowest of all. In order to determine whether this reflected the relative susceptibilities of the intact proteins, [35S]methionine-labelled Ad2 (Webster et al., 1989) and pTP labelled with 32p in an in vitro replication system (Leith et al., 1989) were incubated separately in identical buffers with 5 Ixl of proteinase. Samples from the digests were analysed by SDS-PAGE followed by autoradiography, and the results are shown in Fig. 4 . From the digests of the [35S]methionine-labelled Ad2 (Fig. 4a) it is clear that a low Mr component (11 K) was digested most rapidly, followed by pVII, then by pVI and pVIII. It can be seen (Fig. 4b ) that pTP is digested via an intermediate at 62K to the 55K terminal protein.
However, even after 12 h, less than 50 % of the precursor had been completely processed; in the parallel digest no pVII remained after 2 h. Although the substrate concentrations were not identical for all the proteins, these results suggest that the peptide substrates mimic the relative proteinase susceptibilities of their protein counterparts.
DISCUSSION
Using peptide synthesis and computer modelling we have been able to define the substrate specificity of the Ad2 proteinase in terms of primary and secondary structure. The peptide based on the pVI cleavage site (MSGGAFSW) was selected as the reference peptide, since the presence of a tryptophan residue facilitated its detection. In terms of the primary structure of the substrates our results show that the major requirements are at the P2 and P4 positions. PE must be a glycine, and only methionine and leucine have been shown to be acceptable at P4. The other major requirement appears to be that the side chain of P~ must point away from the scissile bond. Presumably this means that the proteinase binds via the methionine or leucine at P4 and requires unhindered access to the scissile bond. The secondary structure that enables this is best portrayed in Fig. 3 (h) and is characterized by an area between the P4 position and the cleaved bond devoid of intrusive side chains. In other words, even if a protein does include the required primary sequence to be a substrate of the Ad2 proteinase its structure at secondary and tertiary levels will have some influence on whether or not it will be cleaved.
A search for our consensus sequences (ML)XGG and (ML)XGXG picked out 12 of the adenoviral proteins. These included all the known substrates of the proteinase, i.e. pVI, pVII, pVIII, pTP, IlK and Ilia as well as the penton, hexon, 52K, early 21K, 14-5K and D-172 proteins. The fact that only seven putative sites were found outside the known substrates suggests that the consensus sequence is in accord with the unusually high specificity of the proteinase.
pVIII, with an apparent Mr of 26K, is cleaved to generate a protein of apparent Mr 13K, as determined by SDS-PAGE (Weber, 1976) . As yet, only Gly-Ala or Ala-Gly bonds have been considered as potential cleavage sites (Hannan et al., 1983) . Consequently, these authors proposed that either a single cleavage at amino acid 105 (TNSG~AQLA) with the retention of the amino terminus of pVIII, or a double cleavage at amino acids 22 (LAAG~AAQD) and 156 (QIGG~AGRS) takes place. However, none of these sequences fits our consensus sequence so we would not expect any of them to be cleaved by the Ad2 proteinase. Only one sequence in pVIII, centred on amino acid 111, satisfies the conditions outlined above. A peptide based on this (LAGGFRHR) was synthesized and shown to be cleaved by the adenovirus proteinase, albeit at a slower rate than the other peptide substrates. The fact that a phenylalanine residue was ~icceptable in the P'I position was surprising until a close examination was made of the computer model (Fig. 2 a) , which shows that although this is a large and bulky residue the ring structure is bent well away from the cleaved bond. We therefore propose that there is a cleavage site in the centre of pVIII at a Gly-Phe bond. This is in accordance with the results of Hannan et al. (1983) , whose comparative t2sI-and 35S-labelling studies on pVIII and VIII point to a cleavage site near the centre of the protein. Smart & Stillman (1982) have shown that the pTP (Mr 87K) is cleaved via a 62K intermediate to the 55K terminal protein when incubated with a source of Ad2 proteinase. Four putative cleavage sites were found in the pTP. Two of these were separated by only eight amino acids: the sequences MRGFGVTR and MGGRGRHL centred on residues 168 and 176 respectively. These peptides were synthesized and both were found to be cleaved by the proteinase. Cleavage at either or both of these sequences would give a protein with an Mr of around 62K. This would explain the presence of the intermediate when the pTP is cleaved. A split band at 62K has been observed on some gel systems, indicating that it may contain two species (Leith et al., 1989) . However, the fact that these two sites are separated by only eight amino acids means that most gel systems will not be able to resolve them. The bond cleaved by the proteinase to give the 55K terminal protein is more elusive. Two sequences were selected as containing possible sites: MTGGVFQ and LGGGVPTQ. Peptides MTGGVFQ and SLGGGVPW incorporating the putative cleavage sites were synthesized, but neither was cleaved by the proteinase. The modelling studies on LGGGVPTQ and MTGGVFQ (Fig. 3 i and j) show that the valine intrudes slightly more than the alanine at P] in MSGGAFSW. Therefore, it seems probable that the cleavage site is at one of these two positions and that the tertiary structure, which cannot be mimicked by a seven or eight residue peptide, pulls the valine into an orientation which allows the proteinase access. Further support for this hypothesis comes from results which suggest that the 55K TP was produced much more slowly than VII (Fig. 4b) .
The 66K capsid-associated viral protein, IIIa, has been shown to result from the cleavage of a slightly larger 67K molecule (Boudin et al., 1982) . Our putative site in IIIa is situated only 15 residues from the C terminus of the precursor polypeptide and cleavage here would account for the 1K loss in Mr.
The last of the viral proteins that has been shown to be cleaved by the proteinase is the 11K protein. Fig. 4 shows that a low Mr component in the region of 11K is digested very rapidly by the proteinase, suggesting that it is a good substrate. Our search picked out three putative cleavage sites in the IlK protein: MAGHJ, G, LTGG~M and MRGG+I. Cleavage at the LTGG~M sequence has been demonstrated by Weber & Anderson (1988) . Surprisingly, both of the adenoviral coat proteins, the hexon and the penton, have putative cleavage sites near the centre of their amino acid sequences. The LLGNG sequence at 564 to 569 of the hexon is located at the base of the tower region in a highly conserved segment of random structure, whereas the LLGIG sequence (residues 428 to 432) is in the tower region and is not conserved in the various serotypes (Roberts et al., 1986; Toogood et al., 1989) . The position of these sequences within the quaternary structure of the hexon, making them inaccessible from the inside of the virion, could explain why the protein does not appear to be cleaved. On the other hand, it has been suggested that viral proteinases may have a role in uncoating (Krausslich & Wimmer, 1988) . Although there is no direct evidence for this in the case of adenovirus, the Ad2 tsl mutant, which lacks proteinase activity, is defective in uncoating (Miles et al., 1980; Hannah et al., 1983) . Thus the presence of putative cleavage sites in both the major coat proteins of the adenovirus should not be dismissed without due consideration. The remaining putative sites were found in the 21K, 14.5K, D-172 and 52K proteins. The predicted site in the 14-5K protein is two residues from the C-terminus and thus any cleavage would be difficult to detect.
Our studies indicate that the adenovirus proteinase has an extended substrate recognition site encompassing at least five residues, within which the P4 and P2 positions are of paramount importance. The identity of the amino acids occupying the P1 and P] positions are less important. It appears that the only criterion relevant to these positions is that the side chain at P] must be very small, as in glycine, or oriented well away from the susceptible bond, either in its own right or under the influence of the P1 residue. In these respects the proteinase is not like chymotrypsin, as was suggested by Bhatti & Weber (1979) . Chymotrypsin has a primary binding specificity based on the P1 residue and weaker secondary binding specificities at sites further from the cleaved bond (Polgar, 1987) .
In conclusion, the work described here has defined the substrate requirements of the Ad2 proteinase and has shown these to be unusual and highly specific. The consensus sequence derived has been used to predict eight hitherto unidentified cleavage sites in known substrates:
